THE knowledge of acoustical parameters is of importance in studying the molecular interactions and physicochemical behaviour in binary liquid mixtures 1, 2 . The study of molecular interactions in the liquid mixtures is of considerable significance in the elucidation of the structural properties of the molecules. The intermolecular interactions influence the structural arrangement along with the shape of the molecules. In recent times, the ultrasonic technique is found to be one of the most powerful tools for studying the nature of molecular interactions in liquid mixtures. Acoustical parameters are used to understand different kinds of association, molecular packing, molecular motion, physico-chemical behaviour and various types of intermolecular interactions and their strengths, influenced by the size in pure components and in the mixtures. As a part of the current progressive and ongoing research 3, 4 on thermodynamic and acoustic properties of binary liquid mixtures, here we report the results of a study on a binary mixture of butanol and hexane over the entire range of composition at T = 298.15, 303.15 and 308.15 K. Employing the experimental values of ultrasonic velocity (U), viscosity () and density (), the thermodynamic parameters such as adiabatic compressibility ( ad ) and intermolecular free length (L f ) have been estimated using standard relations.
Materials and experiments
All the materials were procured from Sigma-Aldrich, USA (AR grade) and glassware used of borosilicate make. Organic liquids ethyl oleate and butanol of AR grade were used directly without purification. The densities and viscosities of the liquid compounds were measured at different temperatures 5 with a specific gravity bottle and Ostwald viscometer pre-calibrated with 3D water of Millipore to the nearest milligram per millilitre. The time taken for flow of viscous fluid in Ostwald viscosity meter was measured to the nearest 0.01 sec. An electronic digital stopwatch with an accuracy of 0.01 sec was used for flow-time measurement. Borosilicate glassware, Shimadzu electronic balance (Japanmake) of sensitivity +0.001 g and an electrically operated constant temperature water bath of accuracy +0.1 K were used to circulate water through the double-walled measuring cell made up of steel containing the experimental solution at the desired temperature while conducting the experiments. A 2 MHz ultrasonic interferometer, Mittal Enterprises (model no. F-05) 5 with least count of micrometre 0.001 mm was used for calculating velocities of sound waves and all the tests were conducted according to ASTM standard procedures.
Theory and calculations
In order to examine the intermolecular interactions in liquid mixtures of ethyl oleate with butanol, experiments were conducted to find the density, viscosity and velocity of 2 MHz ultrasonic waves for pure liquids and binary liquid mixtures. The results of pure liquids were compared with the literature values for assessment. From the experimental data of binary mixtures, the derived and excess values were calculated at various mole fractions of ethyl oleate for understanding inter-and intramolecular interactions at each temperature. The derived and excess values were calculated as discussed below.
The acoustical parameters were calculated from U,  and  as follows [6] [7] [8] [9] . The experimental values for pure liquids are compared with the literature values and given in Table 1 (refs [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Ultrasonic velocity
The relation used to determine the ultrasonic velocity (U; m s -1 ) is given by
where f is the frequency of ultrasonic waves and  is the wavelength. 
Adiabatic compressibility
The intermolecular association or dissociation leads to structural arrangement of the constituent particles. This structural change of the molecules takes place due to the existence of electrostatic field between interacting molecules that may affect the adiabatic compressibility ( ad ; kg -1 ms 2 ) which is defined as
where U is the ultrasonic velocity and  is the density of the solution.
Internal pressure
On the basis of statistical thermodynamics, Suryanarayana 19 derived an expression for the determination of internal pressure () through use of the concept of free volume
where b is packing factor whose value here is 2, R the universal gas constant, T the absolute temperature,  ad the adiabatic compressibility,  the viscosity,  the density and M eff is the effective molecular weight. Free length Jacobson 20 introduced the concept of free length in liquids. He suggested the following relation to calculate the intermolecular free length (L f ; m)
where U is the ultrasonic velocity of the liquid,  the density of liquid and K is the Jacobson temperaturedependent constant defined as K = (93.875 + 0.345T)  10 -8 .
Acoustic impedance
The ultrasonic velocity is influenced by the acoustic impedance (Z), which is given by the relation
where U and  are as stated above.
Free volume
The ultrasonic velocity and effective molecular weight are influenced by the free volume (V f ) which is given by the relation
where M eff , U, K and  are as stated above. Experiments were conducted to find the density, viscosity and velocity of 2 MHz ultrasonic wave for pure liquids and mixtures of butanol with ethyl oleate by varying the mole fraction and temperature. Table 1 provides the experimental values of density (), viscosity () and the velocity (U) of 2 MHz sound wave for pure butanol at different temperatures. The literature values [10] [11] [12] [13] [14] [15] [16] [17] [18] for pure liquids coincide with the experimental values at all temperatures. All the experimental values decreased with increase in temperature for pure butanol. Tables 2-4 provide the experimental, derived and excess values respectively. Figure 1 a and b shows the FTIR spectra for Figure 2 shows the expected hydrogen bonding. Figure 3 a-l shows the variation of all the thermo-acoustic quantities with mole fraction of ethyl oleate.
FTIR studies
There is a characteristic absorption at 1737 cm -1 , which is attributed to the stretching frequency of the C=O bond of the ester. The absorption band at 3333 cm -1 is attributed to the stretching frequency of free O-H bond in alcohol 21, 22 . The band at 2958 cm -1 refers to the stretching frequency of C-H bond. The frequency range at 1070 and 1042 cm -1 belongs to C-O stretching. The absorption band at 3365 cm -1 is attributed to the stretching frequency of free O-H bond in alcohol. The band at 1737 cm -1 attributed to the stretching frequency of C=O bond of the ester.
The hydrogen bond formation between the proton donor O-H of butanol and carbonyl group (C=O) of ethyl oleate using FTIR spectroscopy 23, 24 .
Results and discussions
Velocity of 2 MHz ultrasonic wave in pure liquids, density and viscosity of ethyl oleate and butanol were measured with pre-calibrated interferometer, density bottle and viscosity meter respectively, to the nearest milligram in the temperature range 303.15-318.15 K. The density of ethyl oleate and butanol decreased with increase in temperature. Viscosity and velocity of ultrasonic wave also decreased with increase in temperature. Ultrasonic velocity is increased with increase in mole fraction X 1 of ethyl oleate. Adiabatic compressibility is decreased with increase in mole fraction and increased with increase in temperature at constant mole fraction. Intermolecular free length also followed the same trend as adiabatic compressibility. Negative excess molar volume represents considerable interactions among the molecules of the binary mixtures 25 .
Conclusion
The miscible organic compounds ethyl oleate and butanol showed negative values of excess intermolecular free length, deviation in adiabatic compressibility, excess free volume and excess molar volume. This may provide an information about strong interactions in this binary mixture. It is expected that the intermolecular interactions are due to the strong hydrogen bonding. FTIR spectra confirm the hydrogen bond.
